This paper presents the robust tracking control of EHA (Electro Hydrostatic Actuator) system. EHA system provides the simple structure and frees from the environment pollution, but the poor tracking performance is caused by the internal leakage, surging of pump and friction. In order to increase the tracking performance of EHA system, ABSC (Adaptive Back-Stepping Control) with RBFNN (Radial Basis Function Neural Networks) is proposed. The proposed control scheme can guarantee the robustness and increase the tracking performance in accordance with the external disturbance and unmodeled uncertainties. The update law for the proposed ABSC with RBFNN is designed based on the reconstruction error. To verify the effectiveness of the proposed control scheme, computer simulation and experiments are executed and the results were compared with that of the general BSC(Back-Stepping Control).
Introduction
EHA (Electro Hydrostatic Actuator) systems have been developed to apply to the industrial machines that requires the high power and to cope with some problems of conventional hydraulic actuator systems such as environmental pollution due to the external leakage of working fluid, maintenance load, heavy weight and limited installation space. In recent, several different structure of EHA systems have been developed and they provided the compact size, higher energy efficiency, and fast response etc.
(1), (2) . In early research of EHA systems, the concept of EHA was introduced by Habibi (3) and according to the control modes of the motors and pumps, types of EHA are categorized as EHA with variable pump displacement and fixed motor speeds, EHA with fixed pump displacement and variable motor speeds and EHA with variable pump displacement and variable motor speeds (4) . Even though EHA systems provided the simple structure to be manufacture, the dynamics of EHA have the hard nonlinearity and lots of model uncertainties. In order to overcome it, the robust control schemes for EHA system have been researched to guarantee the robustness in accordance with the uncertainties of EHA systems. Wang et al. presented a sliding mode control and a variable structure filter to cancel the effect from the system noise and the bounded parametric uncertainties (5) . Also, Perron et al. proposed the sliding mode control scheme for the robust position control of EHA systems with volumetric capacity perturbation of the pump (6) . However, these control schemes have the chattering problem due to the variable structure control scheme. Chinniah et al. used a robust extended Kalman filter, which can estimate the viscous friction and effective bulk modulus, to detect faults in EHA systems (7) . Kaddissi et al. applied the robust indirect ABSC(Adaptive Back-Stepping Control) scheme to EHA systems for variations of the viscous friction coefficient and effective bulk modulus (8) . In addition, Habibi et al presented some control schemes based on the linear EHA model simplified through several assumptions. Recently, artificial intelligent algorithms such as fuzzy logic and neural networks have been verified as effective methods to compensate these system uncertainties and to improve tracking performance (9) . However, fuzzy logic is difficult to apply because its use requires some expert knowledge about the decision of the membership function and fuzzy rules. On the other hand, neural networks have intelligence characteristics such as learning adaptability, the experience capacity, and parallel process ability (10) .
In this paper, an ABSC scheme with RBFNN (Radial Basis Function Neural Networks), which can have robustness to system uncertainties of EHA systems, is proposed. The proposed control system consists of the ABSC with a reconstruction error estimator, which guarantees stability against unknown parameters, and the RBFNN algorithm, which estimates system uncertainties. The performance of tracking control for EHA system is evaluated by computer simulation and experiments.
The rest of this paper is organized as follows: In section 2, EHA systems are mathematically modeled. In section 3, the ABSC scheme is considered for the EHA position control systems. In section 4, the RBFNN algorithm is designed. In section 5, computer simulation and experiments for evaluating the tracking performance are executed. Finally, the conclusion remarks in section 6. Figure 1 shows an EHA system, which consists of an electric servo motor, internal bi-directional gear pump, and actuator. The servo motor rotates the gear pump and generates the flow rate. The generated pressure by the flow rate changes the position of the piston rod. The movement direction of the piston is related to the rotational direction of the servo motor.
Modeling of EHA systems
The chamber volumes of the actuator depend on the cross section area and displacement of the piston as follows:
where A V and B V are the chamber volume according to time, 0, A V and 0, B V are the initial chamber volume, respectively, A and x are the pressure area and displacement of the piston, respectively.
Considering the fluid compressibility and continuity principle for the actuator, the flow rate equations of both ports of the actuator can be represented as follows.
where Q is the flow in the actuator, e β is the effective bulk modulus of the working fluid, and L and p are the internal leakage coefficient and pressure in the chamber, respectively. We assume that there is no fluid leakage of conduits because the conduits of EHA systems are very short and hard. Then, Eq. (2) can be rewritten by
The flow direction is changed and the flow rate through the port is adjusted by the electric motor, directly connected to the hydraulic pump. In addition, the pressure generated by the continuous supply of flow in the actuator can produce a minute fluid leakage in the pump. Hence, the equations for the fluid leakage in the pump are expressed as
where a Q , b Q are the flow rate of the pump in the port ' a ' and ' b ', p C is the volumetric capacity of the pump, p ω is the rotational speed of the electric motor or the bidirectional gear pump, f L is the coefficient of the leakage of the pump, and l p is the load pressure.
The dynamic equation of EHA systems is expressed as
where M is the mass of the piston, and f is system uncertainties such as friction and an external disturbance force. In this paper, f is assumed as follows (12) . 
In addition, we assume that the conduits connected between the actuator ports and pump ports are very short. Then, flow rates in Eqs. (3) and (4) Q Q = and load pressure l p is ignored. Substituting Eq. (1) through (4) into Eq. (7), therefore, the dynamic equation of EHA systems can be represented as 2 2 1 .
If the piston has a double rod as shown in Fig. 1 , Eq. (8) can be simplified as follows:
Controller design for EHA position control systems
In order to design the BSC law, Eq. (9) is transformed to a general form as follows: x x Bu ξ = Φ + + ( 1 0 ) where
Eq. (10) can also represent using state variable And, in order to design the BSC law, new state variables are defined as follows:
x is the desired position input, and 1 α and 2 α are the functions for new state variables, which can be obtained through the BSC (Back-Stepping Controller) design procedure (13) .
The design procedure of the BSC system is summarized as follows:
Step 1: From Eq. (12), the state equation for 1 z can be described as
is selected such that it guarantees stability for the error dynamics in Eq. (13) . The Lyapunov function is defined as
Then,
( 1 7 
Since Eq. (18) includes the information of Eq. (15), the second Lyapunov function can be selected as follows:
( 1 9 ) Then, (14), the state equation for 3 z is described as 
and
Substituting Eqs. (15), (18) In order to guarantee the state variables, the final Lyapunov function is selected as follows:
Then, derivative of Lyapunov function can be induced by Finally, the derivative of the Lyapunov function, Eq. (27), can be induced as Eq. (30) and the stability of the designed control law can be guaranteed by Lyapunov stability theorem. 2  2  2  3  1  2  3  2  3 3  1 1  2 2  3 3 ( , , ) 0
In order to guarantee the stability of the designed BSC law represented in Eq. (29), the boundary of the uncertainties and disturbance ξ should be known. Therefore, the ABSC is proposed in this paper. To design the ABSC, the reconstruction error R is defined as follows: R ξ ξ = − .
( 3 1 ) where ξ is the estimation of ξ and it is assumed that | | R R ≤ , where R denotes the bounded of R. In order to design the ABSC system, the BSC law of Eq. (29) is assumed as Lyapunov function to design the update law is selected using the reconstruction error R as follows:
where ( 0) γ > is a positive design parameter and R is the estimation of the reconstruction error. The derivative of 4 V can be represented as
In order to let Lyapunov function satisfies the stability, the ABSC can be selected as follows: where
From Eq. (36), the update law for stabilizing EHA systems in accordance with the uncertainties and disturbance can be selected as
In order to minimize the energy function, the output of RBFNN also defined as follows: 
where N Z R ∈ is the input vector, i m and i σ are the mean and the standard deviation of Gaussian function, respectively. Based on the defined Eqs. (43) and (44), the partial differential equation of E in accordance with RBF u can be represented as follows:
The increment for update of i w can be induced
where w η is the learning rate.
The partial differential equation of E in accordance with i O can be represented as follows:
Also the mean and standard deviation of the hidden layer can be updated by using the following equations:
where m η and σ η are the learning rates for the mean and standard deviation of the Gaussian function, respectively.
Simulation and experiment
In order to evaluate the tracking performance with the proposed control scheme for EHA systems, a step and a designated time-varying reference signals are considered. For the simulation, the nominal model of EHA system is considered as represented in Eq. (9) . In order to consider the uncertain term of the EHA system, friction model is included in the nominal model. The used coefficient of friction dynamics are represented in Table 1 . The block diagram of simulation is represented in Fig. 3 . In the first simulation, the step signal excited with 20mm magnitude and the response result of BSC and the proposed control scheme are compared. The gains of both controllers are tuned by trial and error method. Especially, the gain of BSC is tuned to improve the performance of rising time and the steady state errors are compared with the proposed controller. Fig. 4 shows the simulation result and it is found that response of BSC has the overshoot according to bigger control gain as shown in Fig. 4 .
Figs. 5 and 6 show the tracking control performance. The designated reference signal,
, is excited to the nominal model and the responses were compared. As shown in Fig. 5 , the proposed control scheme has better tracking performance. At this time, RMS (Root Mean Square) of error signal is 0.21 and 1.65, respectively. To evaluate the robustness of the proposed controller, we considered the parameter perturbation whose ranges between -50% and +50% based on the nominal parameters which are the Coulomb friction, the static friction, the viscous friction, the bulk modulus, and the internal leakage coefficient of the pump. Fig. 6 represents the error signal in accordance with the parameter perturbation. Table 2 shows the RMS of error in terms of perturbation. Fig. 4 Step response Based on the simulation result, the proposed control scheme applied to the experimental test bed. In order to setup the data acquisition system, PCM-3350(AMD Geode processor, 300MHz) was used. The control algorithms were programmed by Turbo C++ to handle the PCM-3718 data acquisition board. The PCM-3718 is fully multifunctional card with PC/104 interface. In addition, LVDT (Linear Variable Differential Transformer) was used to measure the position of piston. Fig. 7 shows the experimental equipment.
The step response is firstly conducted and the results are compared as shown in Fig. 8 . The experimental result is similar to the simulation results. As represented in simulate result, the BSC has bigger overshoot and longer settling time. The tracking performance is also compared using the designated reference signal. Fig. 9 shows the tracking results. Through the experimental result, it is found that the proposed control scheme provides the much smaller tracking error.
Conclusion
In order to improve the robustness of the position control for EHA systems, the ABSC with the RBFNN was proposed and the tracking performance represented through computer simulation and experiments. The proposed control scheme was designed based on the BSC design procedure, and the compensating law for the uncertain term of system dynamics was designed using adaptive and RBFNN algorithm. To evaluate the performance of the proposed control system, computer simulations and experiments were executed for the BSC system and ABSC with RBFNN under various conditions. Through the experimental result, it is found that the ABSC system with RBFNN gives better tracking performance and robustness to the system uncertainties. 8 Step response for the experiment Fig. 9 Tracking performance for the experiment
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